ABSTRACT In this paper, we focus on the design of energy self-sustainable mobile networks by enabling intelligent energy management that allows the base stations to mostly operate off-grid by using renewable energies. Many papers are available in the literature on this problem, and however, we are approaching this issue from a different angle. In fact, we advocate for future mobile networks with a hierarchical cell structure and powered by energy harvesting hardware. Base stations within the same geographical area are grouped in a micro-grid and operate almost autonomously from the power grid. To achieve this goal, we target the design of the optimal traffic and computational load control method with energy sharing within the microgrid. We solve the optimization problem using a graph-based method, and we demonstrate, via software simulations, that a combination of load control plus energy sharing represents a viable and economically convenient solution for enabling energy self-sustainability of mobile networks grouped in micro-grids.
I. INTRODUCTION
Over the last decade, we have experienced an intense research effort for green communication networks, specially in the mobile sector, which is considered the driver of the Information and Communication Technology (ICT). Nowadays, energy is one of the key performance indicators of network equipment, as reported in the European Telecommunications Standards Institute (ETSI) standard [1] and in 3GPP specifications [2] . Also, mobile network operators (MNOs) have drastically changed their attitude toward the energy issue of their networks. Indeed, energy is now becoming an important portion of the operational expenditures (OPEX), and its intelligent management is considered crucial for network design and operation. Telecom operators consume 254 TWh per year (77% of the worldwide electricity consumption of the ICT) with an annual growth rate higher than 10% [3] . The carbon footprint of mobile networks was comparable with the The associate editor coordinating the review of this manuscript and approving it for publication was Prabhat Kumar Upadhyay.
greenhouse gas emissions of airplanes in 2012 and it is expected to further increase in the next years. It is estimated that ICT energy consumption might reach the 51% of global electricity production by 2030, mainly due to mobile networks and services [4] . From the literature review emerges that the most promising approach to reduce the energy consumption of a mobile network is to enable sleep modes in some active network elements during periods of low traffic [5] . However, the impact of these proposals in an operative network is still scarce due to the operators' concerns in coverage holes and possible failures of network equipment due to the frequent ON/OFF switches.
On the other hand, nowadays, we are witnessing a big quest for sustainable energy in the power grid sector to reduce the greenhouse gas emissions due to the human activity. Smart Grid (SG) is the technological paradigm proposed to enable highly efficient energy production, transport, and consumption along the whole chain, from the generators to the consumers [6] . In particular, a key concept is the design of micro-grids, which has been defined by the US Department of Energy as ''a group of interconnected loads and distributed energy resources (mainly renewables) within clearly defined electrical boundaries that act as a single controllable entity with respect to the power grid'' [7] . A micro-grid can connect and disconnect from the grid to enable it to operate in both grid connected and island mode. Similarly, the European Union recently released the EU Winter Package, aimed at providing guidelines for the next generation of power grids. The main idea is to foster cooperation among local energy communities by providing them with the infrastructure to work in island mode and with market-based retail energy prices.
Recently, the use of sustainable energy for supplying network elements, like base stations (BSs), referred to as eNodeBs in LTE technology, has attracted the research community [8] . This interest is driven by the higher efficiency of mobile equipment and the affordable price of the additional energy harvesting hardware, specially when installed to supply small BSs [9] . Such a solution is proved to be environmentally and economically sustainable not only in rural regions but even in urban environments [10] .
Here, we approach the problem from a different angle. In fact, we envision a radio access network (RAN) setup where a Hierarchical Cell Structure (HCS) is deployed within the same geographical area with BSs of different scale factors, transmission power, computational capabilities and coverage areas [11] . Moreover, thanks to the introduction of the Mobile Edge Computing (MEC) technology [12] , BSs can leverage cloud computing capabilities and share part of their computational processes (e.g., baseband processing). Following [13] , the federation of BSs together with the distributed energy harvesters and storage systems form a micro-grid, whose operations are coordinated by an energy management system.
In this paper, we elaborate on the intelligent control of the energy harvested and stored from the renewables. In particular, we propose an optimal traffic and computational load control method with energy sharing (LC-ES) among the mobile micro-grid elements, which jointly may enable a greater degree of autonomy from the power grid. The proposed solution has been applied to two different RAN architectures, namely HetNets and MEC-enabled HetNets (MEC-H) [14] . Our optimal method relies on a-priori knowledge of the system variables (i.e., energy harvesting and traffic demand processes). The results provided together with the conclusions drawn may serve as guidelines in the design of self-sustainable mobile networks.
The contributions of the paper are summarized in the list below:
• integration of distributed energy harvesting and storage systems in RANs with heterogeneous BSs deployment in urban environments;
• theoretical formulation of the joint load control and energy sharing optimization problem;
• design of a joint optimal traffic and computational load control plus energy sharing method for two different mobile network architectures, namely HetNets and MEC-H;
• dimensioning of the energy harvesting and storage system and characterization of the network performance;
• energy saving and cost analysis for different energy harvesting and storage design approaches;
• identification of open issues and future research directions for sustainable mobile networking. The paper is organized as follows. In Section II, we present the state of the art in load control and energy sharing in mobile networks. In Section III, we describe the reference framework. In Section IV we describe the system model. In Section V, we introduce the optimization problem and the methodology used for its solution. Then, in Section VI, we discuss results on the dimensioning of the harvesting and storage system, the optimal SBS configuration policies and the energy shared within the micro-grid. In Section VII, we provide an energy and cost analysis of the two studied architectures. Finally, in Section VIII, we identify open issues and propose future research directions. We draw our conclusions in Section IX.
II. RELATED WORK
In the scientific literature, the proposed approaches to manage BSs supplied by energy harvesters and storage system can be classified into two categories: 1) Energy sharing: BSs are interconnected with electric wires and form a microgrid that enables energy exchange among the BSs. 2) Communication cooperation: BSs cooperate through radio communication mechanisms such as power control, bandwidth control, sleep mode, and traffic offloading and typically are not connected to form a micro-grid. Communication cooperation has been deeply investigated in the last years: especially BS sleep mode and traffic offloading solutions have been studied, as testified by the vivid literature presented in [5] . Alternatively, energy sharing methods among BSs have attracted the interest of the research community more recently.
An architectural solution for the deployment of the microgrid is presented in [15] , where an entity named aggregator is introduced. The aggregator is in charge of mediating between the grid operator and a group of BSs to redistribute the energy flows. In [16] , Xu and Zhang propose an algorithm that jointly optimizes the transmit power of BSs and the transferred energy to maximize the sum-rate throughput for all the users. This joint communication and energy cooperation problem is proven to be convex. Numerical simulation shows that this approach achieves better performance than no cooperation or cooperation through communication in terms of average sum-rate.
A novel paradigm for sharing is presented in [17] , where the concept of the Energy Packet Network (EPN) is introduced. In an EPN, discrete units of energy, termed energy packets, can be exchanged among network elements or acquired from the environment through harvesting VOLUME 7, 2019 hardware. In some approaches [18] , the packet takes the form of a pulse of current with fixed voltage and duration. Each energy packet is equipped with an encoded header, containing the information about the destination identity (i.e., its address), which is used to route the energy packet through the EPN. However, the cost of deploying the micro-grid infrastructure that would be required by an EPN can be high. In [19] and [20] , the use of wireless energy transfer is considered as a means to avoid the installation cost of electric cables. Nevertheless, such technology has a low energy transfer efficiency nowadays, see [21] , [22] .
Based on our literature review, the definition of joint load control and energy sharing policies is an open field of research, specially in deployments with HCSs within the same geographical area and different computational capabilities. The study proposed in this paper aims at filling this gap by providing a joint optimization of sleep mode and computational offloading with energy sharing in a HetNet powered by renewable energy and with MEC capabilities.
III. REFERENCE FRAMEWORK
The next generation of mobile networks will be composed of heterogeneous BSs densely deployed, possibly including different wireless technologies (LTE, New Radio, mmWave, etc.) for both radio access and back/front-haul. A multi-tier architecture is foreseen, where Macro BSs (MBSs) provide baseline coverage and capacity and Small BSs (SBSs) are deployed mainly to enhance the capacity in the hotspots (the so-called HetNets). Densification significantly increases the offered capacity to end-users through frequency reuse. However, it results in a larger number of resources to be managed. MEC architecture jointly with Software-Defined Networking (SDN) and Network Function Virtualization (NFV) paradigms [23] are candidate enablers for automated network management, flexibility and cost reductions. In MEC-H scenario [14] , multi-tier MEC servers are colocated at the BSs and have different computational and transmission capabilities (i.e., MBSs are high-power and high-computing nodes). In this work, we are interested in the case that MBSs may support SBSs and enable computational offloading of some of their networking functions. For doing this, a standardized interface, e.g. Openflow [24] , can be used to implement the interactions between the MBSs and SBSs. In this way, SBSs transmission functions are decoupled from proprietary hardware-dependent implementations and may be executed in a different hardware resource of the network. To this respect, 3GPP has defined different functional splits between the distributed and the centralized unit [25] , in our case the SBSs and the MBSs, respectively.
In our proposed framework, mobile networks are divided into clusters, each one composed of a MBS and a set of SBSs in its coverage. Each cluster may implement HetNet or MEC-H. In the case of MEC-H architecture, the baseband functions of the SBSs may be opportunistically executed locally or at the MEC server located at the MBS site based on the functional split configurations defined in [25] .
The MBS is connected to the power grid, thus assuring a reliable connection for baseline coverage, capacity and processing. The SBSs are powered solely by a photovoltaic (PV) panel plus battery and are deployed for capacity enhancement. Among other harvesting technologies, the solar power is deemed the most appropriate due to the good efficiency of commercial PV panels as well as the wide availability of the solar source for typical installations [26] . Each cluster forms a micro-grid and the renewable energy inflow is managed based on a harvest-store-share approach. The power produced by the PV panel is consumed by the SBS and any excess is stored in the battery for a later use. Whenever the battery has reached its maximum capacity, the excess power is shared with the MBS that will use it to reduce the grid energy consumption. The micro-grid is implemented by deploying power lines. Low resistive losses (i.e., the amount of energy lost in the conductor in form of heat) are guaranteed by the short distances between the MBS and the SBSs. When the SBSs have exceeding energy that is not needed by the MBS, that energy is locally dissipated and not injected in the micro-grid. In this way, the energy balance in the micro-grid is maintained.
A proper harvesting and storage system design and dimensioning is needed to avoid outage and energy waste. In fact, it may happen that the SBS must be turned off because the PV is not producing enough energy and the battery is empty or that some of the power produced by the PV panel is lost because it cannot be stored nor shared. Consequently, a control architecture is crucial to prolong the network survival. A central control entity named Intelligent Energy Management System (IEMS) is located at the MBS and it is in charge of managing the operative states of the SBSs with the goal of achieving efficient utilization of the harvested energy. In detail, the IEMS opportunistically switches ON/OFF the SBSs in HetNets. Moreover, it decides where to execute the baseband functions of the SBSs in MEC-H deployments. The operational states of the SBSs in both architectures depend on the dynamics of the traffic demands and the energy harvesting arrivals. Therefore, the IEMS is in charge of predicting the evolution of those two processes to prevent SBSs blackout during periods with low renewable energy arrivals and high traffic demands. The Energy Controller (EC) is an entity located at the SBS site that implements the decision taken by the IEMS. The full control architecture is shown in Fig. 1 .
IV. SYSTEM MODEL A. NETWORK MODEL
We consider a two-tier network composed of clusters of one MBS and N SBSs. The system evolves in cycles based on the variation of the traffic demand and the energy arrivals in time. The traffic load experienced at time t by each SBS, generated by the users in their coverage, is defined as
The energy harvested by the SBSs at time t is defined by
. . , H t N ] and the energy stored by each SBS in its battery at time t is defined by FIGURE 1. Diagram illustrating the reference framework, including the radio access network with multiple tiers, the intelligent energy management system, the micro-grid connections. In left-bottom side, a simplified scheme of the solar-powered Base Station is shown.
In particular, the energy stored in the batteries B t+1 at the beginning of the next slot is evaluated according to the following formula:
(1)
where
is the power consumed by the BSs at time t, described in Section IV-B, and B cap is the maximum battery capacity. The amount of harvested energy that exceeds the battery capacity is defined as
and it is calculated as:
The operative state of the SBSs at time t is defined by
At each cycle, the IEMS decides the optimal configuration of the mobile cluster to serve the traffic demand in that area. The general optimization problem may be formulated as follows:
where B th is the battery threshold level and K is the time horizon or the number of times the energy control is applied; f (S t , t) is the weighted cost function at time step t, which is defined as:
The objective is to minimize the energy drained from the grid and avoid system outage. We define system outage as the event to not satisfy the traffic demand due to battery energy depletion or wrong configuration decisions, which may overload the MBS. The grid energy consumption at time t is equivalent to the difference between the MBS energy consumption and the excess energy shared by the SBSs. The normalized grid energy consumption is then computed as:
where P m (S t , t) is the grid power consumption of the MBSs given the operative modes of the SBSs and the time step t, whereas P MAX m is the power consumption of the MBS at full load. The traffic drop rate at time t, D(S t , t), is the ratio of the total amount of traffic demand that cannot be served by the system in the time step t. Additionally, each battery at the SBSs has to be maintained in the proper State Of Charge (SOC) (i.e, above the battery level threshold B th ) to avoid a rapid reduction of its lifetime [27] . Finally, the weights w 1 and w 2 provide flexibility in the cost function to emphasize one part of the cost over the other. They must always be positive and sum to 1, that is, w 1 ≥ 0, w 2 ≥ 0, w 1 + w 2 = 1.
In the HetNet scenario, each SBS can be switched ON to serve the users in its coverage, or switched OFF to save local energy. In the OFF state, the users in its coverage are handed over the MBS. More in details, the state of a generic SBS i at time t is defined as:
In the MEC-H deployment, we target two functional split configuration options based on [25] and listed below:
• PHY-RF split: all the protocols, Physical (PHY) and above layers, are implemented at the MEC server located in the MBS site. Hence, the SBS behaves as a Radio Frequency (RF) transceiver, used only for signal transmission and reception;
• MAC-PHY split: PHY layer processing takes place at the SBS, in addition to RF functions. Medium Access Control (MAC) and above layer functions are executed by the MEC server at the MBS site. The diagram in Fig. 2 represents the different implementations of the functional split configuration options compared to the conventional eNodeB architecture. Each operative mode corresponds to different computational load for the SBSs and MBSs, which, in turns, corresponds to different energy consumption models, as will be described in Section IV-B. It is worth highlighting here that in PHY-RF split, the SBSs are executing only the RF functionalities and the other upper layer functions, including PHY and MAC, are executed at the MBS site. This is similar to a Cloud RAN (C-RAN) architecture. Therefore, MEC-H deployment relies on a reconfigurable front-haul since the bandwidth and latency requirements become more stringent when more functions are placed in the centralized unit [28] .
In this case, the state of the generic SBS i at time t is defined as: The power consumption is computed according to the model introduced in [29] , which is a general flexible power model of LTE eNodeBs.
The total BS power consumption is given by:
where P BB is the power consumption due to the baseband processing, P RF is the power consumption due to RF circuitry, P PA is the power consumption by the power amplifier and P overhead is the overhead power consumption (e.g., cooling system). Baseband power consumption, P BB is given by:
where P CPU is the idle mode power consumption, P OFDM is the power consumption due to OFDM processes, P filter is the power consumption due to filtering, P FD is the frequency domain processing power consumption and P FEC is the power consumption due to forward error correction (FEC) processes. In accordance with [29] , all the terms in (9) are dependent on the number of antennas and bandwidth. Moreover, P FD and P FEC are the only components that depend on the traffic load. Considering the MEC-H architecture, when the SBSs are in PHY-RF split mode, their power consumption model does not include the corresponding P BB , since the baseband processing takes place at MBS. Instead, the corresponding P BB term is added to the MBS. On the other hand, in MAC-PHY split mode, the SBS power consumption includes the baseband power consumption term and is given in (8) . In fact, we claim here that the power consumption of a SBS in MAC-PHY split mode is almost equivalent to a conventional eNodeB due to the negligible impact of the MAC and upper layers implementation on the energy budget.
Considering the aformentioned model description, the grid power consumed by the MBS is computed as:
where P MBS BS is the power consumption of the MBS computed as in (8) , P i BB is the baseband power consumption of the i-th SBS and G is the set containing the SBSs in PHY-RF split mode.
C. ENERGY HARVESTING AND DEMAND PROFILES
Hourly energy generation traces from a solar source have been obtained for the city of Los Angeles (CA, USA). The solar raw irradiance data have been collected from the National Renewable Energy Laboratory and converted, accounting for a specific solar power technology, into harvested energy traces using the SolarStat tool [30] . For the PV modules, we have considered the commercial Panasonic N235B. These panels have single cell efficiencies as high as 21.1%, which ranks them amongst the most efficient solar modules at the time of writing, delivering about 186 W/m 2 .
The energy harvesting traces are generally bell-shaped with a peak around midday, whereas the energy harvested during the night is negligible. Moreover, as discussed in [30] , high variability of the harvested energy may occur during the day and this also holds for the summer months. This means that, although the energy inflow pattern can be known to a certain extent, intelligent and adaptive algorithms that make their decisions based on current and past inflow patterns, as well as predictions of future energy arrivals, have to be designed.
For the demand profile, it is commonly accepted and confirmed by measurements that the energy use of base stations is time-correlated and daily periodic. In this article, we use the load profile obtained in [31] for residential urban environment.
V. OPTIMAL LOAD CONTROL WITH ENERGY SHARING
In this section, we introduce the Load Control with Energy Sharing algorithm, which provides the optimal state selection of SBSs at every time instant, given the temporal evolution of the energy harvesting arrival and traffic load processes.
We represent the optimization problem in (3) as a graph. A node i at time t in the graph (V t i ) represents a possible combination of states of the SBSs in the cluster. Each combination returns a different level of the batteries of the SBSs.
In Fig. 3 , we report an example with a cluster of 2 SBSs in a HetNet scenario. In the first time step (t = 1) the SBSs can be in one of the four combinations of ON (green) / OFF (red) states. At each cycle t, the energy harvesting and traffic processes are evolving, based on H t and L t . Each node V t i generates 4 child nodes V t+1 j , as possible combinations at the cycle t + 1. The battery levels of the child nodes V t+1 j are calculated based on (1) and each arc connecting two nodes has a cost given by (4) . The number of combinations is then evolving in time until reaching its maximum at time instant K . The cost associated with each arc, f (S t , t), may be interpreted as the length of the corresponding arc. Two artificial nodes have been added at time step t = 0 and t = K + 1, to have a single initial node and a single terminal node. The cost associated with the arcs connecting the artificial nodes are set to zero. In this case, the problem of minimizing the total cost is equal to the problem of finding the path with the minimumlength from the initial to the terminal node. We tailor Label Correcting Algorithm [32] to efficiently explore the graph and find the shortest path. The algorithm steps are detailed in Algorithm 1. We define three variables: d t i , called label of V t i , as the length of the shortest path to the node V t i , OPEN as the list of nodes to be explored and UPPER as the last found minimum-length path to the terminal node. Moreover, N is the number of SBS in the cluster and γ is the number of states (i.e., γ = 2 for HetNets, and γ = 3 for MEC-H). The graph is explored in a depth-first fashion. The idea is to progressively discover shorter paths from the initial node to the internal nodes V t i till reaching the terminal node, and to maintain the length of the shortest path found so far in the 
end if end if end for end while
VI. RESULTS AND DISCUSSION
We considered a square area with a side of 1 km and one MBS located in the center providing baseline coverage and computing resources. Three SBSs are positioned in hotspots for capacity enhancement. The coverage areas of the SBSs do not overlap. Energy arrivals and aggregated downlink traffic have been generated according to the realistic models described in Section IV.C. In particular, the city of Los Angeles has been used for generating the solar harvested energy traces.
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The adopted power consumption model is described in Section IV.B; parameter setup has been performed based on the values reported in [29] . The results provided in what follows are averaged among ten different independent realizations of both energy arrivals and traffic processes. In the discussion presented next, we refer to January February, October, November and December as winter months; the remaining part of the year is considered as summer. Additional simulation parameters are listed in Table 1 . Fig. 4 and Fig. 5 show the contour plots of the traffic drop rate for HetNet and MEC-H, respectively, during the month of December (the worst in terms of harvested energy). Different colors are used to indicate traffic drop rate regions (maximum values are specified in the associated color map). The white filled area indicates the parameter region where the traffic drop is smaller than 1%. Our optimal analysis is compared with two naive approaches according to the network scenario. In HetNet architecture, the naive algorithm switches OFF a SBS when its battery level is below a threshold and turns it ON when the battery is above. In MEC-H deployment, when the battery level is above the threshold the SBS is configured in the PHY-RF split mode, which is equivalent to the C-RAN operations, otherwise is in OFF state.
A. DIMENSIONING OF THE HARVESTING AND STORAGE SYSTEM
Taking 1% as our design parameter, all the points on the boundary of the white filled region are equally good. It is evident that the use of the optimal load control with energy sharing (LC-ES) allows the network to work with much lower sizes of the harvesting/storage system compared to the naive approaches. More in detail, MEC-H architecture presents lower harvesting/storage dimensions due to the higher number of SBS configuration options than HetNets deployments. These results confirm that an intelligent energy management system is essential for an efficient use of the renewable energy resource and its installation in town facilities.
The analysis in the following parts of the paper considers various harvesting/storage design approaches corresponding to the different points laying in the boundary of the white filled area of Fig. 4 and Fig. 5 and labeled with star, circle, square and diamond (in MEC-H deployment only). 
B. SBSS OPERATIVE STATE CONFIGURATION
In Fig. 6 and Fig. 7 , we report the different choices of the operative states of the SBSs by the optimal LC-ES across the different months of the year in HetNet and MEC-H, respectively. The graphs refer to the selected harvesting/storage dimensions.
In the HetNet scenario, SBSs are active and offload the MBS longer during the summer months (high energy inflow). We can appreciate different behaviors based on the harvesting/storage dimensions: star approach ranges between 53% (in December) and 65% (in August) of time, circle between 56% (in December) and 76% (in July) of time and square between 59% (in December) and 64% (in July) of time.
Also in MEC-H scenario, SBSs offload the MBS for longer periods during the summer months, as expected. The length of the active periods and the choice of the operational mode depends on the specific harvesting/storage dimension. The SBS active period in the star deployment ranges between 54% (44% in PHY-RF mode and 10% in MAC-PHY, respectively, in December) and 78% (30% in PHY-RF mode and 48% in MAC-PHY, respectively, in August) of time; in the circle deployment between 55% (48% in PHY-RF and 9% in MAC-PHY, in December) and 80% (28% in PHY-RF, 52% in MAC-PHY, in August); in the diamond deployment between 65% (38% in PHY-RF, 27% in MAC-PHY, in December) and 73% (34% in PHY-RF, 39% in MAC-PHY, in August). Finally, the square deployment has an active period that ranges between 69% (39% in PHY-RF, 30% in MAC-PHY, in December) and 75% (32% in PHY-RF, 43% in MAC-PHY, in July) of the time.
PHY-RF split is the most chosen configuration option in the winter months, whereas MAC-PHY is the most prevalent in the summer months. A higher energy inflow allows the SBSs to locally perform their baseband processing, whereas in winter, the lower energy arrivals force the SBS to offload the baseband processing to the MBS and, hence, PHY-RF is the dominant operative mode. We observe that moving to the left side of the contour plot (i.e., bigger solar panels and smaller batteries) leads to longer activity during winter months and slightly shorter in summer.
We highlight here that MEC-H architecture allows longer active periods and offloading capabilities (i.e., MAC-PHY and PHY-RF operative modes) even with smaller dimensions of the harvesting/storage system than HetNet.
C. SHARED ENERGY ASSESSMENT
In Fig. 8 we show the energy shared and used by the MBS for every month of the year in both HetNet (8a) and MEC-H (8b) deployments. The graphs are collected considering the selected harvesting/storage design approaches. For comparison purposes, we also indicate the amount of shared energy using the naive approaches.
We observe a general trend of sharing a bigger amount of energy during the summer months, when a higher solar energy inflow occurs and, hence, a higher probability of exceeding the battery capacity of the SBSs. In HetNet, the square harvesting/storage deployment presents the highest amount of energy shared and the circle approach the poorest. Similar behavior is noticed in MEC-H, with the exception that the lowest performance is exhibited by the star design. The total amount of energy shared in HetNet scenario is normally higher than in MEC-H architecture, due to the bigger dimensions of the harvesting/solar system required to maintain the traffic demand.
VII. ENERGY SAVINGS AND COST ANALYSIS
In Table 2 we provide an energy and economic comparison between our LC-ES method and a scenario in which all the BSs are always active and supplied by the power grid. We refer to the latter as grid-connected. For the two architectural solutions, we report the grid energy consumption, the CAPital EXPenditures (CAPEX), the 1-year OPerational EXpenditures (OPEX) and the monetary cost (i.e., CAPEX + OPEX) due to the harvesting/storage addon after 5 and 10 years, for the different panel and battery dimensions introduced in the previous section. The values between brackets indicate the savings with respect to the gridconnected scenario. We consider a cost of 1.17 $/W for the solar panel (which also includes the installation cost) and 131 $/kWh for the battery. Moreover, the energy purchased from the grid has a cost of 0.21 $/kWh in our calculation.
The additional harvesting/storage hardware jointly with the LC-ES method allows reducing the grid power consumption for both network deployments considered. The energy savings range between 22% and 30% for HetNet, and 16% and 48% for MEC-H, depending on the harvesting/storage size. Carbon footprint and OPEX are decreased accordingly. In particular, monetary cost savings range between 0.5% and 7% for HetNet, and 0.5% and 16% for MEC-H after 5 years. The only exception is represented by the third harvesting/storage size (i.e., square) in the HetNet scenario, where 7 years are needed to reach the breakeven point. The results at 10 years show higher savings, ranging between 11% and 18% for HetNet, and 8% and 32% for MEC-H. Table 2 provides useful insights on the energy and cost savings and permits the MNOs to design their harvesting/storage systems by considering the tradeoff between dimensions and economic cost. In general, the harvesting/storage system with the lowest CAPEX is not the most economically convenient option in the long run. In HetNet, the highest savings are achieved for deployments in the right side of the boundary region of Fig. 4 (i.e., circle) . With this design approach, LC-ES achieves the highest energy and cost savings by maintaining active the SBSs for longer periods and sharing less energy with the MBS compared to the other two harvesting/storage dimensions. In MEC-H, instead, the left side of Fig. 5 (i.e. square) is the most economically convenient option. Using these sizes, LC-ES is achieving higher savings by maintaining the SBSs operative for shorter periods in summer months and sharing more energy with the MBS compared to the other harvesting/storage configurations. As a final remark, we can assume that higher revenues and savings can be achieved during the lifetime of the network in a near future considering that: i) equipment hardware is designed to be always more energy efficient, ii) the actual market trends show a decreasing cost of the solar panels and batteries, and increasing prices of the grid energy, iii) future radio access networks will be ultra-dense and longer offloading periods may occur due to the higher number of SBSs.
VIII. OPEN ISSUES AND FUTURE DIRECTIONS
Building on the above discussion, we believe that energy selfsufficiency of mobile networks is not far to be realized and is a fertile ground for research, both theoretical and applied. In particular, a key identified challenge is to design intelligent energy management systems that may efficiently use the renewable energy inflow for autonomous operations via load control and energy sharing. The research activity in this new field is strongly encouraged by our results and represent a new frontier for green mobile networks. Therefore, a few fundamental problems are identified and discussed next.
A. CONTROL OF ULTRA-DENSE NETWORKS
It is expected that the next generation of mobile networks will be ultra-dense, which means having as many base stations as mobile users. Automatic and energy-aware configuration of such a high number of base stations is of enormous complexity, given the higher number of variables characterizing the system. The lack of spatio-temporal probabilistic models (e.g., channel interference, mobile traffic, user mobility) is an open issue to be solved for a proper network optimization. Due to the complexity and the dynamism of this scenario, the definition of on-line control solution becomes crucial for designing algorithms able to reach the optimal performance. To this respect, reinforcement learning (RL) and the novel deep reinforcement learning (DRL) can be effective tools. In fact, these learning approaches are able to adapt to system dynamics without any a-priori knowledge by solving iteratively the control problem. A proper tradeoff between the accuracy and the complexity of the model is of paramount importance to find feasible and implementable solutions. 
B. ENERGY SHARING AMONG THE SBSS
Sharing energy with the MBS may lead to high energy and cost savings, as discussed in the above. However, such cooperation method might be extended to assist also other SBSs that may, or may not, be supplied by additional harvesting/storage hardware. Moreover, exceeding energy may also provide ancillary services to other loads of the micro-grid. In this context, the Energy Packet Networks (EPNs) [17] represents a new architecture to be further explored for the energy transfer among micro-grid loads. In an EPN, discrete units of energy, termed energy packets, can be exchanged among the network elements. Energy routing protocols have to be designed to maintain the micro-grid stability and efficiently use the energy resource.
C. ENERGY TRADING AND INTEGRATION WITH THE SMART GRIDS
Trading is a solution for managing peaks of the energy demand in the smart grids [34] and includes the possibility of buying / selling the generated energy from / to other retailers. As introduced in [10] , this solution will be interesting when proper pricing schemes will be in place. They should incentivize BSs to sell their excess energy, while, at the same time, making these transactions convenient for the power grid operators. In the next future, the energy price will depend on the cost of production and on the expected demand. In this scenario, future work shall evaluate decisionmaking solutions to find the best energy-purchasing policies for the BSs taking into account: (i) the current and forecast renewable energy inflow, (ii) the current and forecast traffic load, and (iii) the future evolution of the energy prices. In this scenario, BSs will act as prosumers of the smart grids.
IX. CONCLUSIONS
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